Abstract Information on reflected surface gravity waves from the shoreline is required for understanding the coastal hydrodynamics. We have quantified the reflected swells (frequency band 0.045-0.12 Hz) from the west and east coast of India based on the spectral wave data derived from the directional waverider buoys. Reflection coefficient, ratio of the reflected and incident spectral energy, was used to quantify the reflected waves. Influence of the seasons, cyclone, relative depth, land/sea breeze, tides and tidal current on the reflected waves were examined. For the locations off the west coast of India, seasons have large impact on the reflection coefficient and were relatively less during the monsoon season due to the increase in incident wave energy. Locations off the east coast of India show almost the same reflection coefficient throughout the year and have no significant seasonal variations. The reflection coefficient off Puducherry was higher than that for other locations due to the low incident wave energy. The reflection coefficient was low during the cyclone period, but the reflected energy during cyclone was higher than that during the normal condition due to the high incident wave energy. High-energy reflected waves show large variation with tide due to the trapping and dissipation of reflected wave by bottom friction and this effect cause low reflection in deep water location than shallow water location. The reflection coefficient decreases with increase in relative depth off west coast of India.
Introduction
The information on wave reflection from shoreline is required in many ocean engineering applications. In the laboratory studies, it is desirable to separate wave train into incident and reflected waves so that the model response can be in terms of parameters of the incident wave field. The reflected waves will also cause the generation of seismic noises and infra sounds (Hasselmann 1963; Szelwis 1982; Kedar et al. 2008; Stopa et al. 2010; Ardhuin et al. 2011) and to study these noises, information on waves reflected from the shoreline is necessary. The phase velocities depend on the spatial gradients of the wave action which can be over-predicted at locations where wave reflection is significant. Hence, the parameterization of shoreline reflection is required in the implementation of extended wave action equation that accounts for higher order depth and current gradients (Holthuijsen et al. 2003; Liau et al. 2011; Toledo et al. 2012) . Miche (1951) studied the reflection of monochromatic waves normally incident on a laboratory beach and empirically determined a formula for estimating the ratio of reflected and incident wave energy based on deep water wave height (H ? ), frequency (f) and the beach slope (b). Carrier and Greenspan (1958) found results similar to that of Miche (1951) . Elgar et al. (1994) observed that the reflection coefficient (R 2 ) for swell-sea frequency band was qualitatively consistent with Miche hypothesis. Ardhuin and Roland (2012) redefined the Miche hypothesis by replacing H ? with the significant wave height (H s ) outside the surf zone and f with the mean frequency (f m0,1 ) which is close to the 'centroid frequency' used in the data analysis by Elgar et al. (1994) . In the normal condition, less than 5 % of incident swell-sea band energy was reflected back and was up to 18 % in lower energy band. The waves in the infra-gravity frequencies (Kinsman 1965) show higher reflection than the swell-sea band frequencies (Elgar et al. 1994) .
Investigation on wave reflection characteristics in the North Indian Ocean was not attempted due to the scarcity of measured directional wave data. The present study is a preliminary work on the reflection characteristics of surface gravity waves in the coastal region of peninsular India based on the measured wave data. The details of the locations studied are given in Table 1 and are also shown in Fig. 1 . Large differences in geological and climatological features are present for the west and east coast of India and hence the locations off the west and east coast of India were selected for the study. Near shore region of east coast is very steep and narrow, whereas it is broad and flat in the west coast. The effect of summer monsoon is higher in the west coast compared to that in the east coast. North Indian Ocean is frequented by cyclonic storms, and the impact of cyclonic storm is higher in the Bay of Bengal than in the Arabian Sea (Singh et al. 2000) . Among the locations studied, four were in the eastern Arabian Sea and two were in the western Bay of Bengal. The waters off the Indian coast are exposed to seasonally reversing winds, with winds from the southwest (SW) during the summer monsoon period (June-September) and from the north-east (NE) during the winter monsoon period (October-January). The period between winter and summer monsoon is the pre-monsoon period or the fair weather (FW) period, and the winter monsoon season is also called as post-monsoon season. The seasonal changes in winds produce similar changes in the surface waves . The cyclonic storm causes the generation of low-frequency waves with high energy (King and Shemdin 1978) and these waves will have impact on the reflection pattern. Hence, the reflection pattern of waves during cyclone was also investigated. The tides also influence the reflection pattern of waves (Nelson and Gonsalves 1990) . Hence, we studied the seasonal changes in wave reflection off the Indian coastline. Apart from seasonal changes, we investigated the influence of cyclone, tides, tidal current, relative depth and land/sea breeze system on reflection pattern.
Data and methodology
The data used in the study were based on the measurements made using Directional waverider buoy (Barstow and Kollstad 1991) at water depth less than 15 m except one location off Honnavar (Table 1) . The measurements were made in Coordinated Universal Time (UTC). The data recorded continuously at 1.28 Hz and the data for every 30 min were processed as one record. The collected time series was subjected to standard error checks for spikes, steepness and constant signals (Haver 1980) . Wave spectrum was obtained through fast Fourier transform (FFT). FFT of 8 series, each consisting of 256 measured vertical elevations of the buoy data, was added to obtain the spectrum. Highfrequency cut-off was set at 0.58 Hz and, the resolution was 0.005 Hz. In the present study, we considered the spectral energy data only in the frequency corresponding to swell band (0.045-0.12 Hz) because the data in the higher frequency range contains the wind wave generated by land/sea breeze (Neetu et al. 2006; Glejin et al. 2013a) . By considering this frequency range, the edge waves also will not affect the results, because the edge waves generated by incident swells and wind waves have frequency range less than the limit considered in the present study (Guza and Davis 1974; Foda and Mei 1981; Buchan and Pritchard 1995) . First, the spectral energy density, E(f, h), is calculated from the three time series motions of the buoy (vertical and two horizontal) using Extended Maximum Entropy Method (EMEM) (Hashimoto et al. 1993) . The coastal inclination of each location from the true north was obtained from the hydrographic chart produced by Naval Hydrographic Office, Government of India. Based on the coastal inclination, we separated the spectral energy density, E(f, h), of shoreward propagating swells and the seaward propagating swells. For example., if the coastline is in the north-south direction with seaward side on west, then the waves with direction between 180°and 360°is considered as incident waves and the waves between 0°and 180°as reflected waves. The percentage of incident energy reflected back was calculated as reflection coefficient (R 2 ) using Eq. (1). 
Since the measurement locations were within a distance of less than 5 km, except one location off Honnavar (18 km away from the shoreline), sufficient fetch was not available for generation of swell in the seaward direction (Table 1) .
Results and discussion

General wave characteristics
Off the west coast of India, at Honnavar, the average value of H s was less than 1 m during the pre-and post-monsoon seasons and during the SW monsoon season, H s was in the range of 1-2 m . H s at Ratnagiri also varied with seasons, but have comparatively higher value than that at Honnavar . At Ratnagiri, H s varied from 3 to 4.5 m during the monsoon season and 0.9 to 1.7 m during the rest of the year (Glejin et al. 2013a) . H s up to 6 m was reported off the west coast during the SW monsoon period (Kumar et al. 2006 ) and the H s was generally less than 1.5 m during the remaining period (Kumar and Anand 2004) . At Puducherry, the location off the east coast of India, H s during 80 % of time was between 0.75 and 1.5 m and the influence of monsoon was not significant at this location (Glejin et al. 2013b) . At Visakhapatnam, even though high waves were observed during the FW and the NE monsoon period due to the cyclones, the average H s was high (&1.3 m) during the SW monsoon period.
Influence of seasons
The reflection pattern of swells from the west and east coasts of peninsular India was different (Fig. 2) . Along the west coast of India, less than five percentage of the incident spectral energy was reflected back during the SW monsoon season and a gradual increase (5-15 %) was observed during the post-and pre-monsoon seasons (10-15 %). The variation in percentage of reflected waves in different season was due to the variation of incident wave spectral energy. According to Elgar et al. (1994) , the reflection coefficient was inversely proportional to wave energy. The wave spectral energy off the west coast of India was high during the monsoon season (Kumar et al. 2006 ) and during monsoon season, the beaches of the west coast of India are very steep compared to other two seasons . Even though the steep beach slope is a supporting component to wave reflection (Elgar et al. 1994) , its influence on wave reflection was less in present case. Also, the high-frequency swells cause the reduction in percentage of wave reflection (Elgar et al. 1994) . Off the west coast of India, the high-frequency swells were higher during the monsoon season compared to pre-and post-monsoons Glejin et al. 2013a) . Slightly higher reflection during the pre-monsoon season than that during the postmonsoon season was due to the presence of higher period of the incident swell during premonsoon season than the post-monsoon season. Reflection pattern of swells at all the locations off the west coast of India shows similar trend (Fig. 2) . Table 2 shows the monthly average percentage of the significant wave height of incident swells and reflected swells. The increase in the incident energy during the monsoon months was high, whereas the corresponding increase in reflected energy was low. Among the three locations off the west coast, Karwar (70 km north of Honnavar) and Ratnagiri (200 km north of Honnavar) show higher reflection than Honnavar during the monsoon season. Higher reflection at Karwar and Ratnagiri were due to the presence of rocky island and cliffs in these locations since the cliffs enhanced the reflection. O'Reilly et al. (1999) observed increase in reflection coefficient up to 40 % due to the presence of steep cliffs along the shoreline. The change in reflected spectral energy also influenced the wave height at these locations. But the same trend was not observed during the pre-and postmonsoon season due to the higher wave period during these seasons. Table 3 shows the incident and reflected angle from north. The incident and reflected angle is the same during the pre and post-monsoon seasons, whereas, during the monsoon season, the incident angle is higher and corresponding increase in reflected angle occurs due to the monsoon wind.
Percentage of seaward propagating reflected swells off the east coast was not similar to that observed off the west coast of India. Unlike the west coast, the two locations studied off the east coast show different pattern in reflected wave since the distance between the locations studied was around 600 km and the wave characteristics off Puducherry differ from that at Visakhapatnam due to the shadow of the Sri Lankan landmass. The seasonal variations in R 2 for east coast locations were not significant compared to the west coast locations. Among the locations studied, Puducherry shows higher reflection compared to other locations and at Puducherry, the influence of SW monsoon was not observed. Visakhapatnam shows small variation in percentage of reflection during the SW monsoon season, but it was not significant as that of west coast locations. The percentage of reflected waves off Puducherry was in the range 15-20 % and that for Visakhapatnam was between 5 and 10 %. During February 2010, an abnormal decrease in incident wave energy was observed and this decrease in the incident energy caused an increase in percentage of reflection. The peak shows gradual decrease for Puducherry, whereas rapid decrease was observed at Visakhapatnam. Off Visakhapatnam, the percentage of reflected waves was higher during post-monsoon season than during pre-monsoon season ( Table 2 ). The incident energy off Puducherry was lower than that off Visakhapatnam, and hence, higher R 2 was found off Puducherry.
Effect of relative depth
The product of wave number (k) and water depth (d) is known as relative depth (kd), where the wave number is calculated from the mean wave period of the swell using the linear dispersion equation. Monthly variation of kd is shown in Fig. 3 . Off the west coast of India, kd shows maximum value during the monsoon months and its magnitude vary with depth. Maximum kd value is observed at Karwar, and minimum is observed at Honnavar. For the locations in the east coast of the India, the variation of kd is less compared to the west coast locations because of less seasonal influence on wave climate in east coast compared to the west coast. In the case of Puducherry, the variation of kd with month is less compared to Visakhapatnam due to the sheltering of waves at Puducherry. By analysing the monthly variation of R 2 for the west coast locations, it is clear that relative depth and reflection coefficient are negatively correlated (Fig. 4) . Based on the laboratory experiment Rytktinen (1988) found that increased wave length case increase in reflected energy and is the reason for decreasing reflection with increasing relative depth and vice versa. The kd values indicate that the wave length off the west coast of India is minimum during the monsoon season and is almost similar during the pre-and postmonsoon seasons. During the pre-and post-monsoon seasons, the swells propagating from the southern hemisphere reaches the eastern Arabian Sea and these swells are absent during the monsoon season . These long-period swells cause increased reflection during the pre-and post-monsoon seasons with low kd values compared to the monsoon season. The variation in reflection coefficient at 2 water depths (9 and 30 m) off Honnavar is studied for 23 days (24 Oct-16 Nov 2012) during the post-monsoon season (Fig. 5) . The reflection coefficient at 9-and 30-m water depth is following same pattern, but the reflection coefficient is slightly higher at 9 m compared to 30 m. The buoy at 30-m depth is 18 km away from shoreline, and hence, the reflected waves need to travel more distance to reach the buoy location. Hence, the reflected wave energy is less at 30-m water depth due to the dissipation of reflected wave by surface wind, bottom friction and other parameters.
Impact of cyclone
The cyclone causes generation of high waves, storm surges and edge waves. During the study, a very severe cyclonic storm 'THANE' crossed the study location off Puducherry , and its impact was also observed off Visakhapatnam . Variation of reflection coefficient at these locations due to the influence of the cyclone was studied. According to Indian Meteorological Department (IMD), a depression was formed on 25 evening of December 2011. This depression moved towards northnorthwest direction and intensified into a cyclonic storm 'THANE' on 26 December. On 28 afternoons, it changed into severe cyclonic storm and very severe cyclonic storm in the evening of 28 and crossed north Tamil Nadu and Puducherry coast between Cuddalore and Puducherry within 06:30 and 07:30 h IST of 30 December 2011, with a wind speed of 120-140 kmph . Track of the cyclone is given in Fig. 1 . The highenergy incident swells during cyclone time causes the generation of seaward propagating reflected waves. But compared to the amount of incident energy, the reflected wave energy was very low, and hence, low percentage of reflected waves was found during the cyclone period (Figs. 6, 7) . If we compare the seaward propagating energy during the cyclone with that during the normal condition, it is higher. At both locations, we can see that the magnitude of R 2 decreases with increasing incident energy and there were two high and (a) (b) Fig. 4 The plot of percentage of reflection with relative depth a for locations along the west coast and b for locations along the east coast of India two low values of reflected energy per day due to the semi-diurnal nature of the tides along the Indian subcontinent (Figs. 6, 7) . Off Puducherry, higher incident swell was observed at 12:00 UTC of 26-12:00 UTC of 27 December, 3 days before the arrival of 'THANE'. This high-energy swell caused significant increase in reflected energy. During the 24 h, the low and high tide has significant influence that leads to two high values and one low value. The high-energy swell observed before the arrival of cyclone was due to wind pattern in the northern quadrant of the cyclone and its direction (actually in this time the storm was in the stage of deep depression and around 1,000 km east of buoy location and moved in north direction). After this time, the incident energy decreased and corresponding decrease in reflected energy was observed due to the change in direction of cyclone track (wind and waves on the different quadrant of the cyclone has different pattern).
Off Visakhapatnam, the reflected energy was lower than that observed off Puducherry during the time of cyclone 'THANE' since the measurement location was far away from the cyclone track. The duration of long-period high-energy waves before the arrival of cyclone was higher off Visakhapatnam than Puducherry since Visakhapatnam was on the right side of the cyclone track when it travels towards west. Hence, high-energy incident swells generated by the cyclone, which travels ahead of it reaches Visakhapatnam until the cyclone reaches near Puducherry. This high-energy long-period swells cause corresponding increase in reflected energy.
Effect of tides
The tidal range at Karwar is 1.58 m at the time of spring tide, and it is 0.72 m during the neap tide. The tidal range at Honnavar, which is around 70 km south of Karwar, is 1.41 m during spring tide and 0.66 m during neap tide (Kumar et al. 2011) . At Ratnagiri, the tidal range is 1.8 and 0.9 m, respectively, during the spring and neap tide and for Visakhapatnam, it is 1.43 and 0.54 m (Kumar et al. 2006) . The effect of tide and tidal current on wave reflection pattern was studied at the southernmost location (Honnavar) in the west The study shows that the tidal current has no significant influence on reflection pattern. In the study, waves in the swell band (lower frequency range) only are considered and the wave-current interaction is negligible in the swell band (Wolf and Prandle 1999) . The good correlation between reflection pattern and tide is due to variation of sea level during various phases of the tide. The decreased (increased) water depth during low (high) tide time cause increased (decreased) trapping of seaward propagating reflected wave (Ardhuin et al. 2011 ) and addition to this increased (decreased) bottom friction causes enhanced (weaken) wave dissipation. These two factors play important role for decreasing (increasing) reflected wave energy during the time of low (high) tide.
Variations of R 2 with low-and high-tide time for three locations in three seasons are shown in Table 4 . From the table, we can see that for the locations in the east coast, there was large variation in R 2 at high and low tide than that for the west coast and this trend can be seen for all seasons including the cyclone period (Table 4) . Along the coast line of India, mean sea level shows a different trend for east and west coast. Mean sea level decrease from north to south along the east coast and increase from north to south for west coast (Shankar and Shetye 2001 ). Visakhapatnam has higher sea level than that for the locations along the west coast. This difference in sea level and steepest bathymetry caused large difference in R 2 during low and high tide. Between the two locations in the west coast, Karwar shows slightly higher difference in R 2 at the time of low and high tide than Ratnagiri.
Effect of sea breeze and land breeze system
The relation between reflection coefficient and wind-sea height at two locations off Honnavar during the post-monsoon season (24 October to 16 November 2012) shows that the reflected wave height varies with wind-sea height (Fig. 9 ). According to Neetu et al. (2006) and Glejin et al. (2012) the wind-sea height of west coast of India during postmonsoon season is due to land/sea breeze system. Wind speed in this region is maximum at 12.30 UTC and is in NW direction, land breeze system is observed in NE direction, but it is weak compared to the sea breeze.
The left panel of Fig. 9 shows variation of incident and reflected wave height and reflection coefficient with wind-sea height at 9-m depth (2.5 km away from coastline) and the right panel shows that for 30-m depth (18 km away from coastline). In both locations, reflection coefficient shows variation with wind-sea height (Fig. 9e, f) and this variation is due to the variation reflected wave height with wind-sea height (Fig. 9c, d ). The reflected wave height during high land/sea breeze time shows a slight increasing trend and this small variation in reflected wave height produce changes in reflection percentage from 4 to 12. Further study is needed to understand the reason for increased reflection during the time of high wind-sea height.
Conclusion
Reflection pattern of swells (frequency = 0.045-0.12 Hz) off the west and east coasts of the India was studied using directional wave data obtained from directional waverider buoys. The reflection coefficient off the west coast shows same trend at all locations. Along the west coast of India during the monsoon season, lower reflection coefficient was observed due to the increase in incident wave energy. Even though the beaches of west coast were steeper during the monsoon season, less influence was observed on reflection coefficient. Effect of seasons on reflection coefficient was not significant for locations off the east coast with slight variation off Visakhapatnam. Off Puducherry, large reflection coefficient was observed compared to other locations due to the low incident energy at this location. The reflection coefficient at all locations in the west coast of the India shows decreasing trend with increasing relative depth and such variation could not be observed for the locations in the east coast of India due to small variation in relative depth with season along the east coast of India. The percentage of reflected energy is decreasing towards offshore because of increased dissipation and trapping. The cyclone causes decrease in percentage of wave reflection due to the higher incident energy. During the cyclone period, the reflected energy was higher than that observed in the normal condition.
The tides have higher influence on seaward propagation of reflected waves since the lowtide causes increased dissipation and trapping of seaward propagating waves by bottom friction. Wave-tidal current interaction was not observed for reflected wave due to the low frequency of reflected waves. The land/sea breeze system also influences the reflection coefficient and enhances the percentage of reflection.
